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Abstract 
Electricity generation from concentrated solar power plant can be optimized on its storage system or its receiver 
system. This paper conducts a review of how to optimize the concentrated solar power plant by increasing the stored 
energy capacity or by stabilizing the absorptance and emittance in the solar absorber. The additional stages in the 
CSP may increase thermal efficiency. The stages consist of two oriented solar absorber to create superheated steam 
fed to the steam turbine and one regenerator to optimally regenerate heat for working fluid before pumped to solar 
absorber. A suitable treatment for superheated steam from solar absorber can optimally supply the turbine with a 
continually stable steam. The continuous stable steam can be controlled using steam accumulator right before the 
superheated steam fed into turbine. The thermal energy storage in the cycle can be optimally selected based on the 
stored energy capacity per kg of compared material used. The final modification was made using recently developed 
absorber material of hafnium molybdenum nitride to create four layer tandem absorber of 
HfMoN(H)/HfMoN(L)/HfON/Al2O3. The tandem absorber indicates a stable absorptance and emittance up until 
600°C (in vacuum) and 525°C (in air). The final configuration believed to enhance the thermal stability for high 
temperature concentrated solar power plant application. 
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1. Introduction 
Clean and affordable renewable energy emerges as a growing need as the world’s supply of fossil fuels 
shrinks and the increasing demand of global energy. Sunlight, the largest available carbon-neutral energy 
source becomes one of the best renewable energy solutions as it provides the earth with more energy in 1 
hour than is consumed in one year [1]. Anyhow, the solar to electricity generation currently still provides 
a small percentage of global power consumption. For the last several decades, there is a significant 
increased investment for investigation, research, and development to produce sunlight derived clean 
electricity [2]. There are two main device categories utilized to generate electricity from sunlight i.e. 
photovoltaic and concentrated solar power (CSP) [1]. Photovoltaics use solar cells to generate electricity 
directly via photovoltaic effect, while CSP captures solar thermal energy to produce heat and thermally 
convert in to electricity. Concentrated solar power has been developed based on a simple general scheme: 
sunlight captured by mirrors and absorbed by receiver at focal point, and heat can be collected to generate 
electricity. Solar collector will produce high temperature steam to drive turbine of the common Rankine 
cycle or of an integrated combined cycle. To operate during cloudy weather, low solar irradiation hours, 
or during night time, the system can be implanted with several methods of heat storage or directly 
supplied with conventional fuels (usually natural gas). 
The current researches of CSP plants explore the concentrator method, receiver/collector types, heat 
transfer media systems, thermal storage systems, and power conversion device [1, 3]. The progresses 
have been made in every aspect of CSP was geared towards enhancing the efficiency of solar-to-
electricity power production. Table 1 describes the four main types of concentrating solar collector [1, 4, 
5]. The most promising system in the point of view of cost is the parabolic trough collector (PTC) and 
linear Fresnel reflector as they also have a matured already technology development. On the other hand, 
solar tower collector and parabolic dish reflector have the advantages for having high solar-to-electrical 
efficiency and occupying low area per MWh requirement [6]. 
Recent research [7] states that parabolic dish with a Stirling engine at the focal point have the highest 
solar-to-electric efficiency of 31.25%; but this technology is suitable only for very high concentration 
ratios and power outputs in the range of kW. Brayton cycles application for solar plant is also being 
developed but is still far from being commercialized [8]. That’s how parabolic trough collector system 
still a favorite operational systems today in various countries worldwide, either at experimental scale or 
full industrial scale. Nowadays there are 20 active parabolic trough power plants worldwide with 27 more 
CSP plants are being constructed, five active solar tower power plants worldwide with two more solar 
tower are being constructed, three active power plants with Fresnel reflectors plants worldwide with one 
more Fresnel reflectors power plant is being constructed, and only one active parabolic dish power plant 
in USA with one more parabolic dish power plant is being constructed in Spain. More details about these 
systems can be found in [9-10]. 
Table 1. Description and specifications of the four main CSP technologies 
Collector types Operating 
temperature 
range (°C) 
Relative 
thermodynamic 
efficiency 
Relative 
cost 
Concentration 
ratio (sun) 
Technology 
maturity 
Tracking 
Parabolic Trough Collector 50–400 Low Low 15–45 Very mature One-axis 
Linear Fresnel Reflector 50–300 Low Very low 10–40 Mature One-axis 
Solar tower Collector 300–2000 High High 150–1500 Most recent Two-axis 
Parabolic dish reflector 150–1500 High Very high 100–1000 Recent Two-axis 
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The CSP system is far from complicated algorithm and the method can be implemented using many 
different approaches. However, similar to the other electric generation systems, every stage on solar 
power generation must be optimally matched to various technical, economic, and environmental factors 
that may collide one over another. 
2. Concentrated solar power plant modification 
Improvement in this concentrated solar power system will be made for solar absorber and thermal 
energy storage. 
2.1. Two stages solar collector 
Fig. 1 shows a solar Rankine cycle adopted from [11] used in this modification. The system pumps 
working fluid to a high pressure and then passes through solar collector in receiver I. The superheated 
working fluid then separated into liquid and vapor components using gas-liquid separator. After 
separation, the vapor phase will passes through solar collector in receiver II to be heated into superheated 
steam. The superheated steam will be used to generate electricity where the exhausted vapor will enter 
exchanger. The liquid from the separator will then be heated in exchanger using the vapor exhausted from 
generator A. The heated saturated liquid from separator will be vaporized and then passes to generate 
electricity in generator B. 
The vapor from exchanger and exhaust steam of generator B will be combined and enter the 
regenerator releasing the heat to preheat the working liquid from the pump. The cooled liquid exiting the 
regenerator will be condensed and enter the storage tank. The cycle recommence as the liquid from the 
storage tank drawn out to enter the pump. A research conducted by J.J. Bao et al. [11] stated that the use 
of regenerator can increase the thermal efficiency. And the using of composite working fluid can enhance 
the ability to reclaim heat from expander exhaust more effectively. 
 
Solar receiver I Solar receiver II
Separator
Generator A
Generator B
Regenerator Exchanger
Condenser
Pump
Storage 
Tank
 
Fig. 1. Schematic diagram of the solar Rankine system 
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2.2. Thermal Storage Media Comparison 
Even though thermal energy storage (TES) is the least system development, the best selection in TES 
is an important thing to support a longer work flow of the CSP plants. TES system would be charged 
during the solar irradiation of the day-time, and the stored heat would be released at the time when cloudy 
weather or the solar irradiation is not sufficient enough to produce electricity, especially at night-time. 
Many previous researches have been conducted to develop TES technology to play more important 
role in CSP plant [3, 12]. Three common storage media are: (1) sensible heat storage both in solid media 
and in liquid media, (2) latent heat storage, which use phase change materials (PCM) as thermal media, 
and (3) chemical storage. Research conducted by E. Oro et al. [13] was focused in the sensible and latent 
TES for high temperature system (100°C to 500°C). Sensible heat storage can use solid or liquid media 
where concrete is the favorite chosen solid material due to its low cost, easy processing, high specific 
heat, mechanical properties, etc [14]. Research conducted by Laing et al. [14] develops high temperature 
concrete and castable ceramics systems using synthetic oil as the heat transfer medium. Sensible heat 
storage in the liquid media can be a molten salt, mineral oil, or synthetics oils. Sensible heat storage using 
molten salts based on a mixture of NaNO3 and KNO3 [15]. Liquid materials maintain natural thermal 
stratification due to density differences between hot and cold fluid. This medium can be stored with only 
one tank or with two tanks in more complex system. Gabbrielli et al. [15] studied two carbon steel tanks 
configuration to optimally store molten salt in the height of 11 m and a diameter of 22.4 m. 
To compare the capacity of each system, the total amount of the energy stored is divided by the mass 
of storage material used. Fig 2 shows the stored energy per kg of material used for each system in the 
temperature function [13] to help the comparison of multiple TES for resulting optimum TES selection. It 
was showed that in normal condition, PCM system has the lowest value of stored energy per kg of storage 
material followed by solid material and the highest stored energy was given by molten salt. But at the 
range of 50°C to 250°C, there were a gradient reading that solid media has the lowest value. The higher 
value than solid media is given by molten salt and the highest value was possessed by PCM system due to 
the latent heat stored during the phase change. 
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Fig. 2. Stored energy per kg in the different TES systems in T function [13] 
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Fig. 3. Charging and discharging of two stages thermal energy storage 
2.3. Thermal storage additional stages 
Thermal energy storage was added when the working fluid is in vapor phase or heated steam. There 
are two stages thermal storage to accommodate the steam. The first is using thermal energy storage (TES) 
for high temperature stages and the second is using steam accumulator for low temperature stage. Fig. 3 
shows two stages thermal energy system adopted from [16] consisting charging and discharging process. 
The physical model of the TES consists of an interior tube for heat exchanger. TES used in Fig. 3 can be 
alternatively phase change materials (PCM), molten salts (MS), or solid media (SM). 
The charging process in the two stages thermal energy storage system pump the working fluid as 
superheated steam into thermal energy storage through embedded bundles of metal tubes. Due to the 
forced difference in temperature and pressure between superheated steam and the metal tubes, the 
superheated charges the thermal energy storage using the conductivity of the metal tubes. The steam 
automatically cooled and flows into steam accumulator and mixed with previous mixture of saturated 
steam and water. Thus, the heat from superheated steam was stored in saturated water and steam in the 
steam accumulator. It should be noted that in the normal solar thermal power plant, the flow rate of 
superheated steam will always changes depending the direct normal irradiance. And for some cloudy 
time, there may be no superheated steam generated so the charging process is interrupted. 
In the discharging process, the saturated steam flows from the steam accumulator with a gradual 
decrease of pressure. The saturated steam flows through the metal tubes embedded in the hot thermal 
energy storage and is heated to superheated steam. The superheated steam from TES can be directly fed 
to the steam turbine to generate electricity independently from solar irradiation. The electricity generation 
can be controlled by adjusting the pressure of the steam accumulator. The discharging process will 
continuously decrease until below a critical value for no longer able to generate electricity. 
2.4. Absorber layer addition 
Previous researches about solar selective coating present many high temperature development such as 
Mo-SiO2, W-Al2O3, and Mo-Al2O3. Such material later have been successfully commercialized and are 
being used in receiver tubes for solar thermal power generation [17-19]. Mo-SiO2 and W-Al2O3 coatings 
presented high absorptance ( ), low emittance ( ), and were thermally stable up to 580°C in vacuum for 
30 days [17-18]. However, these coatings fail when the coatings no longer in vacuum condition and are 
exposed to air at high temperatures for longer durations. In recent decade, transition metal 
nitride/oxide/oxynitride based coatings has been much developed as high temperature solar selective 
coatings, which are yet to be commercialized [20-23]. Recent research conducted by N. Selvakumar et al. 
[24] developed a high temperature solar selective coating utilizing hafnium molybdenum nitride based 
tandem absorber. The HfMoN/HfON/Al2O3 tandem absorber was using a combination of absorber–
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reflector tandem and double layer antireflection coating (DLARC) concepts to achieve thermal stability 
up to 600°C (in vacuum) and 525°C (in air). 
Fig. 4 shows HfMoN(H)/HfMoN(L)/HfON/Al2O3 tandem absorber schematics diagram developed on 
SS substrate [24]. In this schematic, the HfMoN layers and the SS substrate act as main absorber layers 
and infra red reflector, respectively. Basic concept to affect density of free electrons in the d band is that 
the optical properties of transition metal based coatings can be tailored by controlling the stoichiometry 
[25]. Therefore, there is two layer of HfMoN in the schematics. The first HfMoN absorber layer 
(HfMoN(H)) contain a higher metallic content than the second absorber layer (HfMoN(L)). The addition 
layer of HfON and Al2O3 was deposited on top of HfMoN layer as anti-reflection layers. This addition 
layer was chosen based on the irrefractive indices, optical properties, and thermal stability. Al2O3 layer 
was deposited on top of HfON layer because the Al2O3layer has low front surface reflections than the 
HfON layer. Furthermore, the Al2O3 coating acts as an oxygen diffusion barrier. 
Every deposit of each layer on top of other layer increased the absorptance and the thermal stability. 
Table 2 shows the value of  and  for every combination layer of the tandem absorber. The value of 
absorptance and emittance are increased and stabilized every time a layer is added. 
Later consideration is for long term thermal stability of the coatings in air and vacuum condition. A six 
hours simulation cycle was conducted in vacuum room to heat the tandem layer from the room 
temperature up until 600°C [24]. The thermal cycling test result was shown in Table 3. The result indicate 
that the four layer tandem absorber was thermally stable in vacuum at 600°C and 650°C for 450 and 100 
h, respectively with no change in the emittance and 1% decrease in the absorptance. As for in air testing, 
the tandem absorber was heat-treated in air at temperatures vary from 475°C to 525°C for 7 to 34 hours 
durations. Table 4 shows the absorptance and emittance values of the testing result where it indicates that 
the tandem absorber was thermally stable in the air up to 475°C. 
 
 
Fig. 4. Schematic diagram of the tandem absorber deposited on stainless steel substrate [24] 
Table 2. Absorptance and emittance values of different layers combination [24] 
Material  82 °C 
SS 0.38 0.11 
SS/HfMoN(H) 0.73 0.11 
SS/HfMoN(H)/HfMoN(L) 0.81 0.12 
SS/HfMoN(H)/HfMoN(L)/HfON 0.92 0.13 
SS/ HfMoN(H)/HfMoN(L)/HfON/Al2O3 0.95 0.14 
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Table 3. Effect of thermal cycling (in vacuum) on the absorptance and the emittance values of the tandem absorber deposited on SS 
substrates for longer durations [24] 
Temperature (°C) Time (h)    82 °C   
As-deposited Annealed  As-deposited Annealed  
600 450 0.940 0.930 0.010 0.13 0.13 0.00 
650 100 0.950 0.941 0.009 0.13 0.14 +0.01 
Table 4. Effect of annealing (in air) on the absorptance and the emittance values of the tandem absorber deposited on SS substrates 
for longer durations [24] 
Annealing Temperature (°C)    82 °C   
As-deposited Annealed  As-deposited Annealed  
475 (34 h) 0.945 0.945 0.000 0.13 0.13 0.000 
500 (14 h) 0.946 0.936 0.010 0.13 0.12 0.001 
525 (7 h) 0.941 0.937 0.004 0.15 0.13 0.002 
3. Result and discussion 
The complete configuration where the absorber and the two stages thermal storage were already joined 
solar Rankine cycle showed in Fig. 5. From the analysis, regenerator placement increases the thermal 
efficiency because the fluid pumped from storage tank was preheated before entering solar receiver. As 
discussed in previous research [11], the outlet temperature from receiver I have made a great influence in 
the system. As the outlet temperature of solar receiver I increased, the output work, required input heat 
energy, expansion ratio, evaporating pressure, and gas–liquid flow rate ratio all increased as well. 
 
 
Fig. 5. Full configuration of the improved CSP by adding two stages TES and tandem absorber 
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From the description of Fig. 5, it is conclude that adding two stages of TES and gas accumulator will 
help the stability of the working fluid, especially for solar thermal power plant with direct flow of 
water/steam from solar receiver to the turbine. Two stages system can reduce the problem in maintaining 
the capacity and efficiency of the thermal storage system. The efficiency of the electricity generation will 
be maintained with the constant working fluid flow from the steam accumulator, and the TES can still 
store the heat for a longer time so it can preheat the working fluid released from steam accumulator 
before fed to the turbine. 
As thermal energy storage is believed as the less developed part of concentrated solar power plant, it 
turns out having an important role. The effective selection of the TES medium can increase the stored 
energy per kg of material used. It is stated that for high temperature application, PCM can stored higher 
capacity than molten salt, and solid media show the lowest value in storing thermal energy per kg 
material used. However, beside of its capacity, each system has its own impact for eco system quality, 
human health, and resource. Fig. 6 shows global impact of each TES system for three different scenarios 
[13]. Solid media holds the lowest global impact due to its construction simplicity as of it becomes the 
friendliest TES system. PCM has a higher impact than solid media but still has a lower global impact 
because of the system uses latent heat storage in comparison to a sensible heat storage system. The 
molten salt presents the highest impact than other system because it complexity requires specific 
equipment to withstand higher temperature. Therefore, the commonly used multiple tank molten salts 
storage system is the one with the highest impact and needed to be replaced by other system or else find a 
more environmentally friendly materials. 
Development to increase the absorptance and the thermal stability at high temperature solar thermal 
application was achieved using HfMoN/HfON/Al2O3 tandem absorber deposited on top of SS substrate. 
The tandem absorber consists of four layers where the HfMoN double layer acts as the main absorber 
layer. HfMoN(H) with higher metallic content is the first layer and HfMoN(L) with lower metallic 
content is act as the second layer. To enhance the absorptance value, the HfON and Al2O3 layers was 
deposited on top of HfMoN layer acting as double anti reflection coating. Every deposited layer on top of 
SS substrate has enhances absorptance values from 0.38 up to 0.95 and the emittance value from 0.11 up 
to 0.14. Thermal stability test for the optimized four layer HfMoN(H)/HfMoN(L)/HfON/Al2O3 tandem 
absorber was conducted in vacuum and in air. The result shows that the tandem absorber was thermally 
stable in vacuum at 600°C for 450h and 650°C for 100h. The tandem absorber was also thermally stable 
in air up to 525°C for 7h, 500°C for 14h, and 475°C for 34h. 
 
 
Fig. 6. Global impact of each storage system for three different scenarios [13] 
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4. Conclusion 
Concentrated solar power plant can be optimized by applying two oriented solar receiver and one 
separator. The superheated working liquid exiting the first solar receiver in vapor phase will be 
superheated again using second solar receiver to be optimally fed to the steam turbine. The exhausted 
steam from the turbine can also regenerate the working liquid before pumped to the first solar receiver to 
increase the thermal efficiency. The superheated steam to be fed into the turbine can be optimized using 
two stages thermal energy storage consisting steam accumulator and selected storage material of molten 
salt, PCM, or solid media. The material selection will be based on the stored energy per kg of material 
used without ignoring the global impact of selected materials. The final modification will be applied in 
the absorber of the solar receiver. Developed tandem absorber consisting HfMoN, HfON, and Al2O3 can 
enhance the absorptance and the thermal stability up until 650°C for 100h in vacuum and up until 525°C 
for 7h in air. The optimized organic Rankine cycle can still be enhance to better performance with further 
research on composite working fluid and further development on thermal storage advance material. 
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